The authors consider TMF as the deliberate mating of the deformation and heat treat processes to achieve specific mechanical property goals.
DEFINITION
This session is devoted to thermomechanical processing. This is a loosely defined term and some of the subsequent speakers will describe research more "thermo" oriented than "mechanical". But in our review, we shall limit our remarks to the deliberate mating of deformation and heat treatment to achieve some mechanical property and/or microstructural goal that is unobtainable by heat treatment alone, In current U. S. technolog3r, this goal is usually improved tensile and fatigue properties.
Optimization of the many TMP variables requires costly, time-consuming development.
The major thrust has been directed at critical rotating components, i.e., compressor disks, shafts, turbine wheels.
In these TMP cycles, the mechanical deformation is classified "warm" or "hot" work operation. Our attention will be directed toward this area.
There is also an important field of "cold" deformation in sheet and bar TMP in which one speaker will report research, Another thing we shall not do is discuss superplasticity.
Available published research in this area utilizes a heat treat which eliminates the as-forged structure (l) and thus fa,lls outside our definition of TMP.
HISTORY OF TMP USAGE
Thermomechanical processing of superalloys presumably originated with rolled rings of Timken 16-25-6 which were utilized by several engine manufacturers in welded turbine wheels.
The potential of TMP was demonstrated but the reproducibility must have been a problem.
This process was abandoned in the early 1950's with the advent of ~545 and ~286 precipitation hardening alloys, The metallurgist could analyze the chemistry, monitor the heat treatment, and ignore the deformation. Of course, we now know that these alloys may respond to TMP but the specification requirements of that time period were set low enough that the TMP need not be optimized, Other alloys followed, i.e., Into 901, ~308, V57, D979. These followed the path of the ~286.
Perhaps it was their iron base that constricted our thinking about these "steels".
Whatever the cause, the industry was immersed in nickel-base alloys before the benefits of TMP were rediscovered.
Udimet 700 arrived about 1958 as a wrought b (4 ade alloy, Figure 1 . In 1960, this blade technology was applied to turbine wheels. U700-Astroloy had a 2150" F. solution treat which was a complete y' solution. It created a very coarse grain structure and effectively erased prior variations in processing.
Once the alloy was heated to 2150" F., it was too brittle to quench. Some degree of overaging was inevi- Figure 2 . But as Figure 3 shows, no market existed for this new combination of properties.
Before TMP, process development was the province of the producer.
Since TMP, the engine manufacturers are required to fill a leadership role. The structure of our industry seems to be slowly changing to accommodate TMP.
PROBLEMS TO BE SOLVED IN THE DESIGN OF A TMP SEQUENCE
a,. Tempe:ra,ture and Severity of Deformation --Temperature and severity are the initial basic questions. Subsequent speakers will be describing experimental work and we will not overlap their presentations.
However, we wish to interject the measurement of "hot w rkability". c5P Sellars and Tegart have published a marvelous analysis of this subject. The normal objective is to measure some interrelation of strain to fracture, temperature, strain rate, etc,, such as their Figure 17 and then select an appropriate peak ductility tempera,tu:ce (or other variable).
With TMP it is still essential to obtain this information but the independent variable, i.e. temperature, is selected on the basis of its effect on properties, not on the basis of maximum achievable deformation.
One problem 'we note as suppliers of forgings is the inadequacy of describing the severity of work by "percent reduction". Perhaps this is sufficient for the rolling operation but it isn't for forgings. Equivalent true strain is a more unique value. It is more difficult to obtain in complex shapes but we would benefit by a lesser quantity of higher quality published research.
b. Strain Rate ---Selection of strain rate influences radiation and conduction heat losses and the character of the adiabatic heating spike. We are seldom able to measure internal heating and are forced to deduce its potency by calculation or subsequent metallographic interpretation.
Internal heating may be the major effect of strain rate on forgings where the die-chilled surface is removed by machining.
In the present state-of-the-art, the as-deformed microstructure is the measure from which we select strain rate.
Capeletti, Jackman, and Childs re FEY tlY summarized current knowledge about recovery and recrystallization in steels. Luton and Sellars had studied the same phenomena in nickel and nickel-iron solid solutions(7). With some combining and extrapolating, we may conclude that:
(1) dynamic recrystallization is the softening mechanism during hot-working.
V-J (2) grain boundaries are preferred nucleation sites for recrystallization.
(3) the rate of recrystallization decreases as the temperature and/or the extent of deformation decreases, We are not dealing with recovery in these heavier strains.
We cannot prove that recrystallization is dynamic but the observations agree with the theory that it is dynamic. Figure 4d illustrates the preferred nucleation along grain boundaries (and twin boundaries as well).
The rate of recrystallization decreases as the temperature decreases. The strufture in Figure 4b was forged at an average upsetting rate of approximately 0.5 set . In Figure 17 of (5), it is calculated that a 0.3 set" strain rate causes a loo-125 F" temperature rise. The metal remained above any precipitation temperature and recrystallization is essentially complete.
In contrast, Figure 4d shows the structure after forging approximately 0.05 sec'l" The total adiabatic heat was generated over a longer time span and the die chill was a greater factor. recrystallization is incomplete. Consequently, Figure 5 shows the electron microstructure in a fine grained recrystallized region. at triple points, Due to the presence of carbide and/or Ni3Cb particles we infer that the temperature dropped during deformation and that the precipitate halted the progress of recrystallization.
Subsequent "solution" ing as-forged boundaries. treatment at 1750" F. precipitates Ni3Cb on all existfine-grained structure. Figure 4c shows no growth in the completely recrystallized Figure 4e shows relatively extensive growth restricted to the precipitate-free remnants of as-forged warm-worked grains. Similar studies of the nickel-base system are needed.
In addition the particle size is no Speight a,nd Healey have examined this 1 stable but may be continuously changing. problem l-0) but the theoretical approach is still much less complex than are the alloys in current usage.
The same lack of specific information limits precise knowle of the coherent y' phase upon recrystallization.
Oblak and Owczarski Tf > ; of the effect have made a tentative sta,rt on the study of cellular recrystallization but it is just a start. This will become a very important area if the industry moves toward direct forge and age.
We recognize that these differences in strain rate and the resultant differences in microstructure are important. In Into 718, the stress rupture ductility is particularly sensitive, Table 1 . In other alloys, it may be a different property or a different temperature range, etc.
In the absence of understanding, we rely on empirically designed experiments.
C. Phase Equilibria --
In the initial stages of TMP development, control of the boundary carbides was the prime objective and Rene' 41 is an example. Phase studies had shown that the y' was dissolved above 1925" F. and the Iv&C above 2O5O-2100" F. Figure 6a shows a ring rolled with much of the carbon in solution, During subsequent 1950" F. solution treatment, a thick layer of 1v4;C precipitated at grain and twin boundaries. Figure 6b shows a ring rolled at 1975" F. Due to reduced carbon in solution, the heat treated structure has clean twins and much decreased boundary precipitation. The ductility was vastly improved, Powder products will force us to relearn the critical growth concept. High I/ r temperature anneals are tempting because they minimize the original powder boundary influence. Figure 8 shows two IN-100 compacts forged at 2150" F., one with a 2250" F. intermediate anneal and one without. The critical growth was disastrous to the tensile ductility.
In the manufacture of contour shapes, some nonuniformity of strains will be inevitable and TMP development must build in some flexibility to accommodate this need.
e. Reproducibility of Manufacturing Practices
After specifying a, TMP cycle, can the manufacturing process be adequately controlled? Table 3 lists data collected on one run of ten Waspaloy forgings in an 18,000 ton hydraulic press.
The heating time was much more closely controlled in the finish than in the upset.
Transfer and waiting times had similar averages in finish and upset but the sigma is relatively large in both.
The finish deformation cycle is much slower.
The factor of interest is the small sigma of the deformation cycle as compared to the handling cycle.
The machine is much more reproducible than are the people.
Semi-automated manufacturing processes can more fully achieve the total potential offered by TMP.
Heating facilities are another limiting factor in TMP control. Rene' 95 has an in-process anneal designed to control one of the two segments of the aim duplex structure,
The aim is represented by the 2075" F. structure, Figures 9c and d. Note that a ? 15 F" variation results in significantly different structures. If one is working from a furnace with the usual 2 25 F" certification, the TMP cycle obviously will not be reproduced.
Another factor important in the design of TMP cycles is the economic penalty associated with mistakes. Table 4 shows the loss in ultimate strength that occurs in the stronger segment (the hub) of a Rene' 95 forging due to a restrike.
The damage is not visible by optical microscopy but is revealed only by the destructive testing. TMP places a heavier burden on the mutual trust and integrity of relations between consumer and producer.
THEORY OF TMP
Oblak and Owczarski (14) have published the first rudiments of a coherent theory.
Their extensive work on U'700 demonstrates the information necessary to make an initial, relatively gross selection of an optimum cycle. These are:
(a> an initial structure described in detail, Oblak and Owczarski conclude that a uniform array of y' must first be produced.
Then the warm work must be conducted below the recrystallization temperature but above the range in which planar slip predominates.
They define the optimum stable structure as characterized by a polygonal-cell alignment of the dislocations with the K-6 optimum cell size control resulting from the distribution of the y' precipitate.
This constitutes a theory which can be measured and tested.
To the current authors, it seems unlikely to be the whole theory because it doesn't cover the partially recrysStaILlized structure desirable for the Rene' 95 chemistry. But it is a vast improvement upon the amorphous mass existing prior to this publication.
SUMMARY
We believe that the need for TMP superalloys is self-evident. The current market; is limited to certain high-integrity components because the need for shotgunstyle development causes expensive pilot-plant development.
Rudiments of TMP theory are beginning to evolve.
As the principles emerge, the reliability of manufacture will increase and the cost of development decrease.
These trends forecast a broadening demand for TMP in elevated-temperature service applications. The trend appears inevitab:Le but the rate depends upon our skills as scientists and engineers.
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